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Abstract
Proton inelastic scattering off a neutron halo nucleus, 11Li, has been studied
in inverse kinematics at the IRIS facility at TRIUMF. The aim was to estab-
lish a soft dipole resonance and to obtain its dipole strength. Using a high
quality 66 MeV 11Li beam, a strongly populated excited state in 11Li was ob-
served at Ex=0.80 ± 0.02 MeV with a width of Γ = 1.15 ± 0.06 MeV. A
DWBA (distorted-wave Born approximation) analysis of the measured differ-
ential cross section with isoscalar macroscopic form factors leads to conclude
that this observed state is excited in an electric dipole (E1) transition. Under
the assumption of isoscalar E1 transition, the strength is evaluated to be ex-
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tremely large amounting to 600∼2000 Weisskopf units, exhausting 4%∼14% of
the isoscalar E1 energy-weighted sum rule (EWSR) value. The large observed
strength originates from the halo and is consistent with the simple di-neutron
model of 11Li halo.
Keywords: 11Li, Neutron halo, Soft-dipole resonance, Proton inelastic
scattering, Isoscalar E1
Understanding the 11Li structure is a landmark in studies of the halo nuclei
[1, 2]. The two valence neutrons in 11Li have a very low separation energy,
forming a low-density halo. As a collective excitation of the two-neutron halo,
the soft-dipole resonances in 11Li are expected to appear at low excitation ener-
gies [3] and by nature of the excitation should have both isovector and isoscalar
components. The soft-dipole resonances in 11Li have been predicted to appear
at around 0.7 MeV and 2.7 MeV by the cluster-orbital shell model (COSM)
that is constructed in a microscopic framework as the three-body system 9Li +
n + n. These low-lying states are predicted to exhaust 8% of the isovector E1
EWSR [4].
Several Coulomb-dissociation experiments have been performed at relatively
high bombarding energies on Pb targets to reveal the E1 strength at low exci-
tation energy. In the early 1990’s, experiments at MSU [5] at 24 MeV/u and
RIKEN [6] at 64 MeV/u reported the experimental results showing a strong
dipole strength at low excitation energy. Later, measurements at GSI [7] at 280
MeV/u reported that there were dipole states centered at 1.0 ± 0.1 MeV and
2.4 ± 0.1 MeV in 11Li, and that these two states exhausted 8% of the isovector
E1 EWSR, in good agreement with the COSM prediction. The experiment at
RIKEN [8], on the other hand, indicated a peak at lower energy ∼ 0.6 MeV
that was interpreted as a soft-dipole excitation. The isovector B(E1) value
integrated over Erel < 3 MeV was obtained to be 1.42(18) e
2fm2, which was
the largest E1 strength observed so far for a low-lying dipole state. However,
since the direct breakup mechanism is dominant for such Coulomb dissociation
measurements, as discussed for 11Be [9], it was considered that this low-energy
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E1 peak reported in Ref. [8] corresponds to a direct breakup to the continuum.
Though the prediction of COSM model is a resonant excited state, the enhance-
ment observed in Coulomb dissociation arises from the small separation energy
in 11Li as predicted in Ref. [2].
On the other hand, in the missing-mass method nuclear excitations are ob-
served at backward scattering angles, where the effects due to the Coulomb dis-
sociation process are negligible. Therefore, a resonant state, if it exists, should
be observed more clearly in the missing-mass spectrum due to the absence of a
large E1 breakup effect. The excitation energies for 11Li obtained from several
reactions are summarized in Fig. 1.
Figure 1: The reported level schemes of 11Li and particle decay thresholds[10][11]. The grey
hatched bars are uncertainties in excitation energy. The references for the reaction data are
denoted.
A pion-induced double-charge-exchange 11B(pi−,pi+) reaction [12], a pion-
capture reaction 14C(pi−,pd) [13, 14] and 11Li(p,p′) [15, 16] experiments reported
an excited state at around 1 MeV. However, the 10Be(14C,13N) and 14C(14C,17F)
experiments showed that there is a state at an excitation energy of 2.47 MeV
[17]. Some of these experiments were performed with very poor resolution, and
some had low statistics. Reliable information on the width and the transition
strength has not been obtained so far. In order to study the resonant structure
and its strength, high-statistics data with good resolution are therefore required.
The recent 11Li(d,d′) experiment showed a clear peak structure at around 1
MeV excitation energy [18]. The angular distribution indicated that the exci-
tation is due to an isoscalar E1 transition.
The leading order operator for the isoscalar-dipole excitation is the oper-
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ator e2r
3Y1 [19]. In stable nuclei, the strength connected with this operator
is relatively small compared with these of other types of multipole excitation
partly because the e2r
3Y1 matrix element is suppressed by the rapid fall off of
the density at large radial distances. However, since a halo nucleus has a long
density-distribution tail, a strong isoscalar E1 transition strength is expected
to come from a combined effect of the large r (radius) and the r3 factor in the
operator. This strong transition strength would be a good indication that the
low-lying state results from the excitation of the halo. Since a similar low-lying
dipole resonance is not observed in 9Li, then the two-neutron halo in 11Li is
the origin of this resonance. Proton inelastic scattering at low incident energy
is the simplest reaction for extracting the dipole transition strength. In addi-
tion, (p,p′) is a complementary reaction to (d,d′) that is necessary to establish
the dipole resonance. For solving the long-standing controversy regarding the
low-lying dipole resonances in 11Li, we performed a high statistics and high
resolution 11Li(p,p′) measurement to determine the strength of the soft-dipole
resonance.
The experiment was performed at the IRIS facility at TRIUMF in Canada.
A high-quality 11Li beam at 6 MeV/u from the ISAC II facility was incident
on a solid hydrogen target with a thickness of ∼150 µm. The target is formed
on a 5 µm Ag foil backing with the foil facing the incoming beam. Therefore,
the scattered protons from the H2 target reach the detectors unhindered. Using
a ∆E − E detector system consisting of a Si-strip detector array and CsI(Tl)
detectors, an excitation energy resolution of 170 keV (σ) was achieved under a
low-background condition. Figure 2 shows a schematic drawing of the experi-
mental setup and the measured spectra for particle identification of hydrogen
and Li isotopes. The recoil protons were detected by Telescope A, consisting
of 100 µm thick annular Si-strip detectors [20] and annular-CsI(Tl) detectors.
Inelastically scattered 11Li*(excited state of 11Li) decays into 9Li and two neu-
trons. 9Li ions are detected by Telescope B, consisting of two layers of 60 µm
thick and 500 µm thick annular Si-strip detectors.
By using the energies and polar angle information of the recoil protons,
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Figure 2: (a) The experimental setup at IRIS. ∆E − E particle identification spectra for (b)
hydrogen isotopes and (c) Li isotopes.
the 11Li missing-mass spectrum was obtained. The coincident measurement
with 9Li, emitted after the 11Li decay, improves the selection of the 11Li(p,p′)
reaction channel. Moreover, a coplanarity gate on the relative azimuthal angle
between proton and 9Li, which was defined by φ11Li−p=180
◦± 22.5◦, decreased
the background from the non-resonant decay events. After a two-body reaction
of inelastic scattering, the 9Li decay residue from the excited state of 11Li is
emitted in almost the same direction as the excited 11Li nucleus because the
decay energy is much smaller than the mass of 9Li. On the other hand, the
9Li from the direct breakup of 11Li due to interaction with the proton target
will in general not necessarily be emitted in the same direction as 11Li, which
is determined by the four-body final state phase space.
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Figure 3: Excitation-energy spectra of 11Li(p,p′) in coincidence with 9Li at different scattering
angles. The red solid lines show the fitted spectrum with a Breit-Wigner function folded with
the excitation-energy resolution of the detector system. The original Breit-Wigner function is
shown by the blue dash-dotted lines and starts at the two-neutron break-up threshold. The
Breit-Wigner functional forms have been corrected for the detection efficiency as function of
excitation energy as shown in the insets. The dotted lines are the results of the four-body
phase-space calculations, expected as continuum spectra. The solid black curves show the
total fits, i.e. sums of red solid curves and blue dash-dotted curves.
The obtained excitation-energy spectra with their energy-dependent detec-
tion efficiencies are shown in Fig. 3. These efficiencies were calculated by taking
into account both the coincidence-gate efficiency and the coplanarity-gate effi-
ciency resulting from the detector geometry and the angular spread from the
decay of 11Li to 9Li. The 11Li(p,p′) spectra at the different angles were fit-
ted to obtain the resonant energy, the width and the differential cross sections.
A Breit-Wigner function F (Er) with an energy-dependent width Γ(Er) was
employed to fit the spectra assuming a resonant state near the particle decay
threshold. The function F (Er) is expressed as,
F (Er) =
Γ(Er)
(Ex − E0)2 + Γ2(Er)/4 , (1)
where Er is the relative energy of decay particles, E0 is the excitation energy
of the resonant peak observed in 11Li. The relationship between these variables
is Ex=Es+Er, where Es is the 2n separation energy. The width Γ(Er) is a
function of energy defined as Γ(Er) ≡ g
√
Er, where g is a fitting parameter.
The experimental energy resolution was taken into account by folding the Breit-
Wigner function with a Gaussian of σ=170 keV, which was obtained from fitting
the elastic scattering peak in the 11Li excitation-energy spectrum. The peak
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position and the resonant width were determined consistently by fitting all the
spectra at the different scattering angles to be E0=0.80± 0.02 MeV and Γ(Er) =
1.15 ± 0.06 MeV.
Differential cross sections of the elastic scattering obtained from detection
of either proton or 11Li are plotted in Fig. 4. In addition to the statistical
uncertainties of the data, the total systematic uncertainties were estimated to
be ±7%. The contributions to the systematic uncertainties consist of 4.8%
coming from the target thickness and 5.0% coming from the absolute counting
of the incident beam.
The optical potentials were obtained from the proton elastic scattering data
assuming the following form:
U(r) = −Vvf(r, rv, av)+4
(
h¯
mpic
)2
1
r
d
dr
{Vsof(r, rso, aso)}l·s+VC(rC)+i4as d
dr
{Wsf(r, rs, as)}−iWwf(r, rw, aw)
(2)
where the Woods-Saxon potential shape f(r, ri, ai) =
{
1 + e(r−riA
1/3)/ai
}
−1
was used.
The obtained optical potential parameter sets with the imaginary part hav-
ing only the volume term (Set V) and with only the surface imaginary term (Set
S) are listed in Table 1.
Table 1: The optical potential parameters Set V and Set S obtained by fitting of the elastic
scattering data.
Vv rv av Vso rso aso rC Ww rw aw Ws rs as χ
2
red.
(MeV) (fm) (fm) (MeV) (fm) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm)
Set V 54.2 1.16 0.75 6.23 1.16 0.75 1.16 14.3 0.61 1.98 0.0 - - 1.81
Set S 35.2 1.71 0.92 7.95 1.71 0.92 1.71 0.0 - - 14.4 1.49 0.54 1.05
The inelastic-scattering differential cross sections (empty red squares with
error bars) were compared to DWBA predictions using the code, CHUCK3 [21],
shown in Fig 5. Different form factors were used for different multipolarities of
transition ∆L between the ground state and the observed excited state. The op-
tical potential for the exit channel was assumed to be the same for the entrance
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Figure 4: The differential cross sections of the 11Li+p elastic scattering at 66 MeV. The blue
open circles are the experimental data from 11Li detection. The red filled circles are from
proton detection. Fitted results with Set S and Set V are shown by the black solid line and
dotted line, respectively. The experimental angular resolution was included in the calculations.
channel. For the very low bombarding energy and the low-Z of the hydrogen tar-
get, Coulomb excitation of isovector dipole strength, in particular, is expected to
be negligible at the backward center-of-mass angle at which measurements were
made in this experiment. Furthermore, the isoscalar excitation was expected to
be dominant in case of the present low-energy 11Li(p,p′) experiment [22]. For
∆L=2 (quadrupole) and ∆L=3 (octupole), the form factors obtained in the
surface vibrational model [23] were used. In such models, the nuclear shape vi-
brates according to quadrupole or octupole deformations without changing the
density. For ∆L=0, the breathing-mode form factor was used [24]. It changes
the nuclear size and the density changes by conserving the number of nucleons.
For ∆L=1, the Harakeh-Dieperink form factor [25] and the Orlandini form fac-
tor [26] were used. These form factors for ∆L=1 were introduced to describe the
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isoscalar E1 excitations with the e2r
3Y1 operator. The Harakeh-Dieperink form
factor is obtained from a sum-rule approach model (doorway dominance model)
and is most appropriate for the collective 3h¯ω compression mode exhausting
the largest fraction of the isoscalar dipole EWSR. Instead, the Orlandini form
factor is determined to describe 1h¯ω excitations with a very small fraction of
the isoscalar E1 EWSR.
The DWBA calculations were performed for both optical parameter sets V
and S. The results of the calculations are summarized in Table 2. The absolute
value was normalized to fit the experimental data. The ∆L = 0, 2, 3 angu-
lar distributions show negative slopes at θCM ∼ 90◦, which are different from
the data. Only the ∆L=1 calculations show distributions that are in closest
agreement with the data. The calculation using the volume imaginary potential
provides the best fit to the data, both using the Harakeh-Dieperink (H-D) and
Orlandini (O) form factors.
The transition strength was evaluated from the best-fit amplitude of the
DWBA calculations. The transition strength to the 0.80 MeV state was ex-
tremely large amounting to 600 ∼ 2000 Weisskopf units (W.u.) and 4% ∼ 14%
of the isoscalar E1 EWSR.
Table 2: Strengths of the isoscalar E1 excitation B(E1(IS)) following the prescription written
in [25] ; comparison of the strength with the Weisskopf unit BW(E1(IS)) and the EWSR value
S(E1(IS)). The last row is the strength estimated with the assumption of a di-neutron wave
function in the square-well potential model.
Optical Form B(E1(IS)) B(E1(IS))BW(E1(IS)) S(E1(IS))
potential Factor (×103e2fm6) (×102 W.u.) (%)
Set V H-D 2.6 14 9.4 ± 1.9
Set V O 1.1 6.1 3.9 ± 2.2
Set S H-D 3.6 20 13.4 ± 2.2
Set S O 3.8 21 13.9 ± 2.2
Di-neutron model 0.5 2.8 -
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Figure 5: The measured differential cross sections of inelastic scattering in comparison with
the DWBA calculations with optical potential Set V (top) and Set S (bottom). The black
dotted lines are for ∆L=0, the red dashed lines are for ∆L=1 with the Harakeh-Dieperink
form factor. The red solid lines are for ∆L=1 with the Orlandini form factor. The blue
dash-dotted lines are for ∆L=2. The green long-dashed lines are for ∆L=3.
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This large strength can be qualitatively understood as the feature of the isoscalar
E1 operator e2r
3Y1 together with the spatially extended neutron-halo structure.
The strength enhanced by this effect is well estimated by introducing a di-
neutron weakly bound in the square-well potential. Using the extended halo
distribution, it was found that the transition strength is ∼ 2.8 W.u., which is
of the similar order of magnitude as the present experimental result. In the
actual calculation, the operator e2
{
r3 − 53 〈r2〉 r
}
Y1, corrected for the center-
of-mass motion, was used to calculate the transition rate. This simple model
estimation shows that the strength comes from the low-density halo far outside
of the square-well potential.
The observed peak in the 11Li(p,p′) spectrum is slightly lower in energy and
a bit wider than the one found in the 11Li(d,d′) experiment. Dipole transitions
from the 3/2− ground state of 11Li can lead to states with spins of 1/2+, 3/2+
and 5/2+. If two or more of these states are populated through this soft dipole
excitation in the (p,p′) reaction, and if they are relatively closely spaced, the
observed state in (p,p′) experiment could include two unresolved dipole states.
This may account for the small difference in peak position seen compared to
(d,d′).
In summary, a low-energy dipole excitation state at 0.80 MeV in 11Li has
been identified in low-energy proton inelastic scattering off 11Li. The measured
angular distribution of the differential cross sections is consistent with predic-
tions using the form factor for an isoscalar E1 excitation mode. A very large
isoscalar E1 transition probability of 1.1 ∼ 3.8×103 e2fm6 is deduced, exhaust-
ing 4 ∼ 14% of the isoscalar E1 EWSR. This large dipole strength is found to
originate from the halo and is consistent with a simple di-neutron model for
11Li. The results bring new information on the soft dipole excitation. The Cur-
rent derivation of E1 strength assumes that the observed peak is described only
by an isoscalar excitation. While it is true that the (p,p’) reaction can excite
both isoscalar and isovector modes, as described above, the isoscalar excitation
may by expected to be dominant here. However future theoretical developments
considering both isoscalar and isovector descriptions for the soft-dipole excita-
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tion should lead to a deeper understanding, which is beyond the scope of this
article.
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